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 The main goal of the feedlot industry is to maximize growth in cattle while minimizing 
costs in all phases of the finishing period. Traditionally, this is done by feeding diets high in 
grain to maximize energy intake. However, cattle coming to the feedlot are typically consuming 
diets high in forage and need time to adapt to a high grain diet. In order to achieve this, diets 
containing decreasing amounts of forage with increasing amounts of grain are fed in a series of 
steps. This strategy allows time for the rumen epithelium and microbiome to adjust to high grain 
diets. Although grains are typically fed as the main energy source in a diet, grain coproducts also 
contain a great amount of easily digested fiber, which can decrease the risk for metabolic 
disorders while maintaining energy levels in a diet. Previous findings have suggested that 
feeding coproducts in adaptation diets could be advantageous by not only increasing 
performance during adaptation, but also into the finishing phase. 
 Another goal of the feedlot industry is to get cattle eating as consistently as possible to 
decrease the possibility of metabolic disorders. Fluctuations in daily feed intake, especially of a 
finishing diet due to its high grain content, are known to increase the risk of acidosis. Acidosis 
can lead to a multitude of other issue, such as liver abscesses and laminitis, which decrease 
profitability of a feedlot. Heritability estimates give producers the ability to determine how 
impactful their selections for a given trait are based on genetics. Considerable research has 
evaluated the heritability of feed intake and the efficiency of cattle based off of residual feed 
intake and other measures of efficiency, but none have determined the heritability of fluctuations 
in daily dry matter intake. Selecting for cattle that consume feed more consistently could reduce 
the number of metabolic issues in feedlots and increase profitability.   




was conducted to determine the effect of replacing forage with coproducts in adaptation diets on 
growth performance and the rumen microbiome after steers are consuming a common finishing 
diet. Simmental × Angus and Angus steers (N = 135; 256.3 ± 27.2 kg) were blocked by initial 
BW and allotted into 9 pens. Steers were fed a common receiving diet for the initial 12 days after 
weaning. Pens were then assigned to 1 of 3 dietary treatments for the 35 d adaptation period: a 
forage-based diet (FO; alfalfa and grass hay) with decreasing inclusion of forage and increasing 
dry-rolled corn inclusion fed with slick bunk management, a coproduct-based diet (CO; soybean 
hulls and modified wet distillers grains with solubles) with decreasing inclusion of coproducts 
and increasing dry-rolled corn inclusion fed with slick bunk management, and the coproduct-
based diet pair-fed (CO-P) to isoenergetic levels of FO. After the adaptation period, steers were 
fed a common finishing diet for the remainder of the trial (155 d). During the adaptation period, 
DMI was greatest for steers fed CO (P = 0.02). On d 40, there were no differences (P ≥ 0.37) in 
BW or ADG between treatments. A treatment × sampling day interaction (P = 0.02) was 
observed for in vitro dry matter disappearance. On d 35, in vitro dry matter disappearance was 
greater (P < 0.01) in steers fed CO compared with CO-P (58% vs. 53%), but no differences were 
present on d 63. At d 63, BW was not affected (P = 0.71) by treatment. At the end of the 
finishing period, there were no differences (P ≥ 0.26) in BW, overall ADG, gain:feed, or carcass 
traits at slaughter. The high inclusion of coproducts in adaptation diets did not affect the 
subsequent growth performance of steers consuming a common finishing diet. In vitro and 
rumen microbiome results suggest all treatments were adapted for the finishing diet at the 
conclusion of the 35 d adaptation period.  
Unpublished data by McCann at the University of Illinois has indicated that daily feeding 




study was done to determine the heritability of variation in daily intake in Red Angus cattle. Data 
from three locations was compiled and pooled together to evaluate the genetic variation of 
average DMI, standard deviation of DMI, coefficient of DMI, and percentage of days with 
fluctuations of DMI greater than 30%. The dataset contained 209 sires with an average of 12.0 ± 
31 progeny per sire with the top ten sires representing 1225 progeny. Heritabilities were as 
follows: average DMI, 0.57, standard deviation of DMI, 0.74, coefficient of DMI, 0.74, and 
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Cattle on feed inventory in US feedlots is currently about 13.3 million calves (USDA, 
2018). Finishing diets for beef cattle consist of mostly concentrate feedstuffs, with corn 
commonly representing 50% to 90% of the diet on a dry matter basis (Samuelson et al., 2016). 
Cereal grains, such as corn, are made up of 70 to 80% starch (Pflugfelder & Rooney, 1986). 
Starch is easily digested in the rumen if the seed coat has been fractured to allow access to the 
starch inside. In the Midwest, corn kernels are typically processed in a hammer mill or roller 
mill. This processing increases total tract starch digestibility of corn to 93% compared with 
91.7% digestibility as whole kernel corn (Owens et al., 1986). Larger feedlots in the high plains 
commonly steam flake corn which further increases starch digestibility to almost 98% (Owens et 
al., 1986). Steam flaking is rare in the Midwest due to high equipment cost and smaller size of 
feedlots. Overall, the widespread use of cereal grains in feedlot diets is due to their cost effective 
energy density to meet cattle performance goals.  
 Feeder calves enter feedlots from the cow-calf sector and stocker operations. There is 
significant variation in feeder calves in terms of their weight, breed, prior nutritional 
management, and risk for sickness. While some calves may have been fed creep feed or 
preconditioned, others are freshly weaned and unfamiliar with eating out of feed bunk. 
Regardless, young and newly weaned calves cannot be placed on a high-grain, finishing diets 
without causing a severe metabolic disorder. One of these metabolic disorders is acidosis, both 
acute and subacute. Microbial populations in the rumen produce weak acids known as volatile 




decrease in ruminal pH when volatile fatty acids and lactic acid accumulate in the rumen (Owens 
et al. 1998). The rapid fermentation of starch in the rumen and high concentration inclusions in 
the diet results in an opportunity for acidosis. It is believed many cattle, especially in feedlots, 
have ruminal pH levels that are in the subacute acidosis range of 5.5-5.0 (Owens et al., 1998), 
but do not show any clinical signs and are not monitored due to no outward signs of distress. 
Therefore, the prevalence of acute and subacute acidosis in unknown in current feedlot 
production. To reduce the occurrence of acidosis, it is important for feedlots to successfully 
adapt a wide variety of feeder calves to the finishing diet while minimizing acidotic bouts. 
Adaptation diets that start with high forage inclusion with decreasing amounts in subsequent 
steps are most commonly used to mitigate these complications.  
The ultimate goal of the feedlot industry is raise cattle as quickly as possible while 
turning a profit. This is achieved by getting cattle on a finishing diet as early as possible, get 
cattle eating as much as they can, and doing that consistently, in order to reduce metabolic 
issues. The relationship between feeding management, feed intake, animal performance, and the 
incidence of metabolic disorders such as ruminal acidosis remains unclear (Schwartzkopf-
Genswein et al., 2003). Since it is known that large intakes of grain can decrease ruminal pH, 
producers strive to keep intakes consistent from day to day. Nutritionists and feedlot managers 
alike believe that erratic feeding behavior and changes in intake attribute to subclinical acidosis 
and reduced performance that result in losses of $15 to $20 per head in efficiency 
(Schwartzkopf-Genswein et al., 2003). Therefore, reducing the variation in intake could be very 






COPRODUCTS: PRODUCTION, FEEDING VALUES AND REGIONAL 
AVAILABILITY 
The biofuels industry is expanding rapidly, in large part due to the Renewable Fuel 
Standard. This federal policy was originally passed as part of the Energy Policy Act of 2005. 
This act requires a certain amount of gallons of biofuels be used in the national transportation 
system per year as well as scheduled incremental increases every year (Schnepf & Yacobucci, 
2015). This has led to the massive expansion of the ethanol industry because it can supply a 
cheap and sustainable biofuel source. Corn is the most common grain used in ethanol production; 
however, sorghum and wheat are also used as starch feedstocks. Production of ethanol increased 
from 200 million gallons per year in 1980 to 3.6 billion gallons in 2005 (Shapouri & Gallagher, 
2005). In that same time period, the number of ethanol plants increased from fewer than 20 to 
more than 80 (Shapouri & Gallagher, 2005). Currently, 16.7 billion gallons of ethanol can be 
produced per year, from 204 plants (BBI International, 2018). Although the ethanol industry is 
the largest biofuel industry, the biodiesel industry utilizes soybeans and their oil content. As of 
July 2018, the biodiesel industry produces 149 million gallons and 51 percent of that was 
produced from soybean oil (USDA, 2018). These biofuels produce cheap and renewable fuel 
sources for today’s growing economy. 
 The ethanol industry produces automobile fuel, but the coproducts are also a critical 
feedstuff for livestock. Coproducts are secondary products that are left after a refinement process 
that have value elsewhere, in this case ethanol distillation. With the rapid expansion of the 
ethanol industry has resulted in a concomitant increase in production of ethanol coproducts. 
Coproducts from the ethanol industry are high in energy and protein due to the removal of the 




very popular among feedlot nutritionists and are becoming more popular in the cow-calf sector 
of the industry as a cheap, high protein feedstuff for inclusion in winter diets.  
Dry-milling 
The process of dry milling, also called the tempering degerminating system, separates 
corn into 5 fractions: pericarp, tip cap, germ, horny endosperm and floury endosperm. First, the 
corn is moistened to bring the moisture up to 20-22%, followed by degermination, which is 
typically accomplished with a Beall degerminator (Watson, 1988). The resulting discharge is 
dried to 15-18% moisture and cooled and sized over coarse sifters or reels and the largest 
material passing through aspirators to remove the free pericarps (Watson, 1988). This process 
also separates germs and endosperms via differences in specific gravity. Endosperm and impure 
germ-endosperm mixtures run through a series of corrugated counter-rotating roller mills to 
allow for better screening that are preceded by aspirators to remove fine particles. Finally, the 
endosperm fractions are purified by removing fine pieces of fiber and are packaged according to 
moisture, which is typically between 12-14%. Typical yield from dry milling is 34% hominy 
feed, 2% corn oil, 60% of grit, meal and flour (Watson, 1988). Hominy feed is comprised of 
bran, broken kernels, germ residue, after oil extraction, and inseparable parts of endosperm, germ 
and pericarp (Stock et al., 2000). Hominy feed is used as a common feedstuff for ruminants, 
probably due to its low protein content compared with other coproducts (Raush & Belya, 2006). 
Hominy feed contains 87% of the energy of corn and replacing 40% of corn in a diet with 
hominy feed incurs no detrimental effects to growth and performance of lambs (Larson et al., 
2000). Although, hominy feed is not a very popular coproduct, it still can be utilized depending 





The production of ethanol from grains, such as corn, grain sorghum, wheat or barley, 
requires the conversion of starch into alcohol. The process of dry grinding is often erroneously 
referred to as dry milling, but the end products are vastly different from that process. This 
process takes place by grinding grains then allowing yeast to ferment producing a fermented 
mash which is then distilled in a column allowing the alcohol to evaporate and condense. After 
distillation, the slurry leftover is between 5 to 10% dry matter and referred to as whole stillage 
(Stock et al., 2000). This whole stillage is then screened or centrifuged to separate the coarse 
grain particles. These coarse particles are then sold as wet or dried distillers grains (WDG; 
DDG) depending on the location. After the coarse particles have been removed, the remaining 
liquid fraction is known as thin stillage, which consists of water, fine particles and yeast cells, 
which accounts for up to 40% of the remaining dry matter (Stock et al., 2000). Thin stillage is 
then evaporated to yield another coproduct known as condensed distillers solubles (CDS). 
Condensed distillers solubles may then be sold as a feed ingredient or combined with WDG or 
DDG to make wet or dried distillers grains with solubles (Stock et al., 2000). Two-thirds of the 
original dry matter of the grain is made up of starch. Since most of the starch is removed, the 
remaining crude protein is concentrated from 9% in the original corn grain to roughly 27% in the 
whole stillage (Stock et al., 2000). Until recently the oil in distillers grain was not removed after 
the dry-grinding process, but is becoming more common due to the value in using corn oil as a 
source for biodiesel production (Veljković, 2018). Ethanol production is the most prevalent 
biofuels industry, thus making distillers grains with or without CDS the most readily available 
and accessible coproduct in the United States.  
Wet milling 




and protein (Raush & Belya, 2006). The final product of this process is typically high fructose 
corn syrup, which is a sweetener in many products, especially beverages. Since this process also 
revolves around removing the starch from the corn kernel, it also produces another coproduct 
(corn gluten feed) that is widely fed to ruminants. In the wet milling process described by Raush 
and Belya (2006), the first step in wet milling is steeping corn in a weak solution of sulfuric acid 
for 24-48 hours that softens the kernel and pulls out soluble protein from the germ. After 
steeping, the remaining liquid is called light steepwater which is 4 to 8% solids. Light steepwater 
is then evaporated and concentrated to 40% solids and is referred to as heavy steepwater, which 
due to a concentration effect contain 40-50% protein. Following the evaporation period, germ 
and fiber portions are removed due to density and particle size. The fiber portion is then 
combined with heavy steepwater and dried to form corn gluten feed, the most abundant 
coproduct from this process, which accounts for 22-24% of initial corn solids entering the wet 
mill (Raush & Belya, 2006). The remaining solids are then separated into protein (gluten protein) 
and starch fractions by multiple rounds of centrifugation. The gluten protein is then concentrated 
again by a centrifuge, where it is then transferred to a dryer via a vacuum belt system, which also 
achieves dewatering. The last coproduct produced is corn gluten meal, which is approximately 
65-67% protein on a dry matter basis. Both of the coproducts from the wet milling process are 
fed to animals and have their own value as food or feedstuffs. 
In the United States, production of corn gluten meal averages around 90,000 tons per 
month (USDA, 2018).  Corn gluten meal is fed primarily in nonruminants, such as swine and 
companion animal diets as a source of protein (Raush & Belya, 2006). However, as mentioned 
earlier, corn gluten feed accounts for 22-24% of initial corn solids entering the wet mill resulting 




of CGF ranges between 300,000 to 350,000 tons per month (USDA, 2018). Corn gluten feed is 
commonly fed in ruminant diets as a cheap source of protein and energy. This product is often 
sold as a wet product or dried and pelleted for long distance travel. Corn gluten feed is the 
second most readily available corn byproduct and is fed throughout the United States. 
Oilseed Extraction 
The oilseed extraction industry is another grain processing industry that also produces 
coproducts we feed to livestock. Soybeans are the most well-known and commonly processed 
oilseed, but remain in a group of seeds that are considered low in oil concentration (18-20%), 
along with dry milled corn germ. However, cottonseeds and peanuts are other common oilseeds 
that rank in a group that have greater than 20% oil (Bernardini & Meo, 1976). Seeds high in oil 
content require two steps, pre-pressing and solvent extraction, whereas low oil seeds can just be 
subjected to solvent extraction after grinding. 
The conventional process in which oil is removed from soybeans has fewer steps in 
comparison to ethanol distillation. The basic process of extraction is first grinding seeds using 
wet or dry grinding. Determining what grinding process to use is dependent upon seed moisture. 
Grinding seeds is the most important step in the process of oil extraction because it allows 
solvents to access the oil in the seeds. Grinding is followed by reduction and cooking resulting in 
extensive cell breakage (Bernardini & Meo, 1976). After cooking the seeds, the seeds will be 
subjected to solvent extraction. The modern solvent extraction consists of successive 
countercurrent washes with a solvent, typically hexane. Hexane is then removed from the oil via 
film evaporators followed by vacuum distillation. Vacuum distillation removes hexane from the 
meal by jacket or sparged steam, in which hot steam is shot into the meal to distill the hexane out 




The residue left after extracting oil from seeds are called oilseed meals. Oilseed meals 
have traditionally been used as a major protein source for beef cattle diets, but in the most recent 
feedlot survey, all respondents used corn coproducts as their primary source of protein, then 
followed by oilseed meals (Samuelson et al., 2016).While the oil and oilseed meal are the 
primary end-products of the processing, the hulls are also removed before or after extraction. 
Before the extraction process, dehulling occurs when the hulls are ran through an air aspirator 
after grinding, and then gravity tables allow recovery of small cracked seed particles. This 
process is called front-end dehulling (Fetzer, 1983).  If the hulls are removed after oil extraction, 
the meal is sifted into low protein (hulls) and high protein (cotyledons) portions (Fetzer, 1983). 
This process is called tail-end dehulling. While it may seem counter-intuitive, typically a 
combination of front-end and tail-end dehulling is used (Fetzer, 1983). This increases yield of the 
oilseed meal as well as ensuring the oilseed meal is as pure as possible. The hulls of oilseeds are 
typically pelleted for ease of transport and to prevent the hulls from blowing away. These hull 
pellets can be fed to livestock, particularly ruminants as a source of non-forage fiber.    
Feedstuffs feeding and energy value 
When comparing feeds and their nutritional value, it is important to have a defined set of 
values for each feedstuff to compare their value as an ingredient in a diet. This allows us to 
effective formulate diets to meet the requirements of beef cattle. There are many ways of 
evaluating the energy value of feedstuffs, but the most common measurement is total digestible 
nutrients (TDN), but there has also been interest in another system using net energy (Lofgreen 
&Garrett, 1968; Preston, 2016). Total digestible nutrients is the sum of the digestible fiber, 
carbohydrate, lipid, and protein components of a feedstuff. Total digestible nutrients is used as 




compared to concentrates (Preston, 2016). Net energy is more accurate at determining feeding 
values of concentrates, but relies heavily on predicting intakes. (Preston, 2016). 
Most research on the feeding value of corn coproducts has been conducted in feedlots. 
Therefore, since most feedlot diets include high levels of concentrates and most of the 
coproducts from the biofuels industry are considered concentrates, net energy will be used as a 
measure of comparing the nutritive value of the feedstuffs listed hereafter. The National 
Academies of Science, Engineering, and Medicine (2016) lists the NE of all the feedstuffs that 
will be discussed and are included in Table 1.1. 
 When comparing the feeding values of coproducts of the dry grinding process to corn we 
find that dried distillers fed at levels of 10% or 40% had feeding values of 156% or 100%, 
respectively (Klopfenstein et al, 2008). Furthermore, Larson et al. (1993) concluded that feeding 
up to 40% wet distillers grains in the diet (DM basis) resulted in a 63% increase in net energy for 
gain in yearlings and 26% more net energy for gain in calves.  
The most commonly fed product of the wet milling process is corn gluten feed. When 
comparing the feeding value of dry corn gluten feed to corn, one can expect a feeding value of 
97% when fed at 23% of the diet, but when fed at 46% of the diet feeding value of dry corn 
gluten feed decreases to 87% (Green et al., 1987). Furthermore, when feeding wet corn gluten 
feed at inclusions of 23 or 46 percent, a feeding value of 97% is expected (Green et al., 1987). 
This implies that corn gluten feed is not quite as effective as corn is when it comes to energy 
content and should only be fed as an energy replacement for corn if the prices infer that corn 
gluten feed should be fed. 
When evaluating hominy feed, the main feedstuff coproduct of the dry milling process, as 




levels of up to 40% (Larson et al., 1993). This is similar to dry corn gluten feed fed at 46% of the 
diet and should only be considered as a replacement for corn if the prices make it cost effective 
to do so.   
Coproducts of the oil extraction industry have also been evaluated for their feeding value. 
When feeding soybean hulls as an energy supplement to grazing beef cattle one can expect to see 
similar gains when compared to corn (Anderson et al., 1988). However, when replacing corn 
with soybean hulls in beef finishing diets, soybean hulls have an estimated feeding value of 74 to 
80% of that of corn (Ludden et al., 1995). Furthermore, inclusions of soybean hulls in a diet 
greater than 20%, may increase dry matter intake without increased gain, consequently 
decreasing gain to feed ratio (Ludden et al., 1995). Dry matter intake may increase partially due 
to the small particle size of soybean hulls increasing passage rate out of the rumen. This research 
infers that cattle must consume more soybean hulls in order to have gains similar to that of corn. 
Therefore, one must consider the cost of reduced efficiency when considering feeding soybean 
hulls as a replacement for corn in a finishing diet. 
Fiber of Coproducts and Digestion by in vitro 
In comparison to typical forages, such as alfalfa or grass hay, coproducts from the ethanol 
industry have more readily available fiber, due to their low lignin content.  The excess lignin in 
true forages inhibits bacteria from breaking down cellulose and therefore decreasing energy 
value. Furthermore, coproducts particle size is much smaller than different hays, even after 
processing.  The smaller particle size allows more access to the fiber that is in coproducts, as 
opposed to long stems and leaves. According to the National Academies of Science, 
Engineering, and Medicine (2016), neutral detergent fiber and acid detergent fiber of corn gluten 




NDF and ADF values of 33.6% and 16.17%, respectively. In comparison, alfalfa hay is listed as 
containing 41.73±8.53% neutral detergent fiber and 33.25±5.91% acid detergent fiber and fescue 
hay is listed as having 64.99±4.12% NDF and 40.30±4.40% ADF. The NDF values of 
coproducts are lower indicating less available cellulose. However, the cellulose in coproducts is 
more available is more readily degradable, resulting in more energy.  
  When evaluating the in vitro dry matter disappearance effects of adding distillers grains 
to a finishing diet while replacing steam-flaked corn, as the inclusion of distillers grains is 
increased, from 0, 15, 30%, there is a decrease in the dry matter digestibility, 70.34%, 67.35%, 
64.59%, respectively (DeClerck, 2009).  
In another study looking at the effects of soybean hull inclusion as a replacement for corn 
silage in a lactating dairy cow diet, in vitro dry matter disappearance of NDF increased from 
44.4% to 59.8% in diets containing soybean hulls (Miron et al, 2003).  
Regional Availability and Variation 
 According to the Renewable Fuels Association, most ethanol plants are located in close 
proximity to corn, which is a cheap and efficient fuel source. This inevitably means most ethanol 
plants are located in the Midwest. Due to where most ethanol production takes place, the 
availability of coproducts of the ethanol production industry can vary in other regions of the 
country. Nonetheless, coproducts are transported domestically and internationally by train, semi-
trailer, and barge. However, the problem with transporting coproducts, especially in the case of 
distillers grains or corn gluten feed, is wet products are hard to transport, such as wet distillers 
grains or wet corn gluten feed, and the cost increases if the plant is drying them to allow for ease 
of transportation, thus dried products are more expensive. 




many key differences in the end product composition. Additionally, significant variation exists 
within a milling process and the resulting feedstuff such as distillers grains. Ten samples of dried 
distillers grains with solubles (DDGS) from Midwest ethanol plants were analyzed for amino 
acid and energy digestibility (Stein et al., 2006). Crude protein values ranged from 24.6-29.1% 
and gross energy ranged from 4,705- 4,984kcal/kg (Stein et al., 2006). In another study 
conducted by Pederson et al. (2007), 10 DDGS samples from 10 ethanol plants were analyzed 
contained 25.9-32.4% CP and gross energy from 4,571 to 4,820 kcal/kg on an as-fed basis. 
Within ethanol plants, there is also batch-to-batch variation in dried distillers products, 
due to differences in the characteristics of the corn within a batch as well as the processing 
conditions (Belyea et al., 2010). This variation does not equally affect each nutritional 
characteristic of DDGS with greater differences observed for lipid, protein and lysine than other 
factors (Belyea et al., 2010 & Böttger, Südekum, 2017). However, the batch-to-batch variation 
within plants is lower than the variation between plants, suggesting that nutritionally, procuring 
DDGS from a single plant results in less variability for nutritionists and producers alike (Böttger, 
Südekum, 2017). 
Future of Coproducts 
As the need for ethanol and other forms of sustainable biofuels increases, development of 
new fuel sources may lead to the production of novel coproducts that could be fed to livestock as 
well. Oil produced by algae is being investigated as a possibly source for triacylglycerol (TAG) 
in the production of biodiesel. If the entire soybean oil yield, which was produced on roughly 
63.6 million acres, was used to produce only biodiesel, approximately 3 billion gallons would 
have been produced, accounting for 4.5% of the petrodiesel market (Axelsson et al, 2012). 




15% TAG, 40 billion gallons of biodiesel could have been produced accounting for around 61% 
of the petro diesel market. Since algae production is in the early stages of development one 
would assume that with research it would become more efficient and therefore more desirable as 
an industry. It is estimated that if algae TAG concentration was increased to 25% only 25 million 
acres would be needed to produce enough biodiesel to support the entire petrodiesel market 
(Axelsson et al., 2012). 
Currently, algae biomass, both macro and micro, is not seen as a major feed ingredient, but 
more of a feed additive to enhance a “standard” feed formulation.  The amount of algae required 
to produce a sizeable amount of biomass keeps it from becoming a major feedstuff, nonetheless, 
algae possesses a desirable nutritional profile (Shields & Lupatsch, 2012). Nonetheless, research 
has shown that replacing corn with post extraction algae residue (PEAR) in finishing diets had 
no ill-effects on growth, but increased DMI, possibly due to palatability of PEAR (Stokes et al., 
2015; Morrill et al., 2017).  
 There is also differences between different species of algae biomass and their nutritional 
composition. In a study by Batista et al. in 2013 looking at the nutritional aspects of six algae 
species, they found that, on a dry matter basis, crude protein levels varied from 10.2% to 44.9%, 
crude fat ranged from 3.6% to 40.7%, carbohydrates ranged from 13.3-33.6%, and finally, ash 
ranged from 8.9-34.8%, with each species having its’ own importance in food technology 
applications. It is important to note that these values were based on human consumption and 
were not subjected to TAG removal for biodiesel production, which would result in higher 
concentrations of crude protein, carbohydrate as well as ash. Furthermore, the cell wall structural 
component of algae is made up of entirely hemicellulose, which we know to be highly digestible 








Role of Adaptation Diets 
The role of adaptation diets is to adjust or adapt the rumen to high levels of starch in 
typical finishing diets that are easily degraded and lower the pH of the rumen. This not only 
includes adjusting the animal to the feed, but more specifically, adjusting the rumen microbiome 
to a high concentrate diet in order to take full advantage of  the energy available in the diet, while 
preventing metabolic issues associated with ruminal acidosis. Currently, feedlot nutritionists vary 
on protocols for adjusting incoming cattle to high concentrate diets and future research is needed 
in order to fully understand the best course of action for nutritionists to take. However, additional 
research also points to the possibility of reducing the need for adaptation diets by changing the 
microbiome upon arrival. 
Current Trends of Adaptation Diets 
Currently, there are three primary strategies to adapt cattle to high concentrate diets 
including: 1) step-wise adaptation with greater inclusion of grain and decreasing forage 
inclusion, 2) blending  two diets that are typically a finishing diet and a high forage diet, and 3) 
limit feeding the finishing diet to a percentage of the bodyweight. Texas Tech University and 
New Mexico State University, conducted a survey to evaluate the current trends in feedlot diets, 
including receiving/adaptation diets (Samuelson et al., 2016). In this survey, the most common 
adaptation strategy was a stepwise adaptation method. The number of step-up diets ranged from 




ranged from 4 to 8 with an average of 6. Moreover, the initial roughage concentration, on a dry 
matter basis, ranged from 10-60% with an average of 40.7%. This data shows that in stepwise 
adaptation the average time prior to feeding the finishing diet is 24 days (Samuelson et al., 
2016). Due to the fact that this strategy requires multiple diets, these diets favor being 
implemented on large feedlots that have the capacity to mix multiple diets easier. 
The second most common adaptation diet in feedlots is the blending of two rations in 
order to achieve adaptation. Typical diets mixed are a start diet including higher forage and the 
finishing diet. 40.6% of feedlot nutritionists utilize this strategy and preferred 38.8% roughage in 
their starter diet with a longer adaptation period lasting about 27 days (Samuelson et al., 2016). 
This strategy can be implemented by mixing the diets in the truck by premixing each diet or by 
feeding multiple times throughout the day delivering each diet multiple times a day to 
sufficiently mix the diet in the rumen. The advantage to this is that the mill is only required to 
make two different diets, which should decrease variation and increase efficiency. 
The least common adaptation strategy is limit feeding the finishing diet as a percentage of 
body weight. Choat et al. (2002) conducted experiments that looked into the effectiveness of 
restricting intake during the adaptation period. In their first experiment, the step-up diet was 
initially fed at 1.5% of BW and stepped up by .45kg/steer when bunks were slick. Intake 
restricted cattle were restricted to 1.25% of BW and increased by .23kg/steer if the bunk was 
slick at morning feed call. They found that restricted cattle had a better gain to feed ratio, which 
is due to their decreased DMI and no significant difference in ADG over the entire 70 day 
feeding trial. In experiment two, step-up cattle were initially offered 2% of BW and increased by 
.45kg/steer when bunks were slick and limit-fed cattle were managed the same as experiment 




feeding period, but there were no significant differences in gain to feed ratio over that same 
period. This study indicates that this method of adaptation can be implemented in the feedlot for 
both yearlings and calves. Nevertheless, this strategy is not as common due to the greater care 
required to ensure cattle are not restricted for too long or too severely, which could result in 
depressed gains and thus more total days on feed.  
This survey also outlines other management suggestions from consulting feedlot 
nutritionists, including management upon arrival to the feedlot. Of the nutritionists surveyed, 
64% of feedlot nutritionists suggested newly received cattle should be allowed free access to hay 
for an average of four days, and a maximum of 14 days (Samuelson et al., 2016). Furthermore, 
83.3%, 39.4%, and 6.1% receiving cattle of high, medium, and low risk, respectively, were 
administered injectable antimicrobials as a way of preventing disease. Additionally, all cattle 
received an implant at initial processing (Samuelson et al., 2016). 
Adaptation diets are typically fed with some sort of roughage, most commonly alfalfa 
hay, but also cottonseed hulls, corn silage, or corn stalks (Samuelson et al., 2016). The problem 
with using forages as a source of roughage is varying prices, regional availability, and the cost of 
processing for consistent mixing and to help prevent sorting by calves. Therefore, the 
availability, ease of feeding, and price has led to the increased use of coproducts in both 
receiving and finishing diets at feedlots across the United States (Samuelson et al., 2016). 
Research evaluated feeding SweetBran (corn gluten feed) as a replacement for forage in adapting 
cattle to finishing diets. It was determined that decreasing inclusions of SweetBran in lieu of 
forage in adaptation diets increased body weight gain, average daily gain, and gain to feed ratio 
(MacDonald & Luebbe, 2012; Huls et al., 2016). Additional research has been done looking at 




feed, as a replacement for forage in adaptation diets. Feeding this combination of coproducts 
resulted in an increase in DMI as well as numerical difference in ADG, resulting in a 
significantly lower feed to gain ratio (Dib et al., 2012). Further research could be conducted to 
find the coproduct or combination of coproducts that can best adapt cattle to grain diets. 
Other research that has taken place in adaptation diets is in the area of probiotics. 
Probiotics are the living organisms that are provided in a ration to change and improve the rumen 
microbiome. Due to the fact that acidosis is typically a build-up of lactic acid in the rumen, there 
has been research done in dosing cattle via a drench with lactic acid utilizing bacteria, 
specifically Megasphaera elsdenii, to help deal with this influx of lactic acid in high concentrate 
diets (Mackie et al. 1978). If the build-up of lactic acid could be eliminated via a drench before 
feeding a high grain diet, the dependence or the number of days feeding adaptation diets could be 
decreased. Results from feeding accelerated step-up diets and using a drench of probiotic 
Megasphaera elsdenii stated cattle could transition quicker to a finishing diet without impacting 
performance or carcass characteristics (Miller et al., 2012). However, heifers that are not 
stepped-up aggressively fail to benefit from dosing of Megasphaera elsdenii. This issue is 
probably due to their need for higher levels of lactate and therefore a lower pH in order to allow 
the organism to establish itself in the rumen (Miller et al., 2012).  
Adapting the Rumen Microbiome 
 One of the goals of adaptation diets is to change the microbial population to be better 
suited to handle a high grain diet. Ideally, this would be achieved as quickly as possible, in order 
to get cattle on the highest energy diet for the fastest growth. During stepwise adaptation periods 
in sheep the number of amylolytic and lactate-utilizing bacteria increased as the amount of corn 




with corn inclusion until the ruminal pH went below 5.4-5.7, as their replication was inhibited 
(Mackie et al., 1978). Protozoa replication is inhibited due to the fact that bacteria multiply much 
faster than protozoa, which increases the amount of lactic acid present quickly lowering pH. The 
gradual increase in grain is important to slowly allow the acid sensitive lactate utilizers, such as 
Megasphaera, Veillonella, and Selenomonas, to multiply and be effective at reducing the amount 
of lactate present (Mackie et al., 1978). Adapting the rumen microbiome to high grain diets is 
essential for maintaining pH values and a robust population of rumen microbes.  
 There has been a more recent study conducted looking at the effects of adaptation diets 
on the rumen microbiome by Fernando et al. (2010). Fernando et al. (2010) utilized more 
recently developed technologies, such as Terminal Restriction Fragment Length Polymorphism 
(T-RFLP) analysis, via polymerase chain reaction amplification of 16S rRNA and found results 
similar to those of Mackie et al. (1978). They also found a difference in rumen microbial 
structure as well as diversity, particularly an increase in amylolytic bacteria and other starch-
digesting microbes. Additionally, they saw a 40-fold and 20-fold decrease in Fibrobacter 
succinogenes and Butyrivibrio fibrisolvens, respectively, which are both fiber digesters and very 
common in high forage diets. The lower decrease in Butyrivibrio fibrisolvens is due to the fact it 
can also utilize starch, but finally dropped off due to the lower pH that was maintained in the 
fourth and final diet that was highest in readily fermentable starch. Furthermore, increases in 
Prevotella bryantii, Megasphaera elsdenii, and Selenomonas ruminantium occurred as they are 
starch, lactate, or starch and lactate utilizing bacteria. Streptococcus bovis populations increased 
2-fold during adaptation, but decreased during the final diet. This is probably due to the fact that 
as the pH dropped below 5.1 growth halted (Russel et al., 1979). This would have been the case 






Ruminal acidosis is a decrease in ruminal pH from a build-up of volatile fatty acids, when 
the VFA production surpasses the absorption rate (Owens et al., 1998). Acute acidosis is defined 
as a drop in pH below 5.0 or lower, where subacute ruminal acidosis (SARA) is recognized as a 
pH between 5.5-5.0 for an extended period of time (Nagaraja, & Titgemeyer, 2007). Although 
large intakes of grain are typically associated with a significant depression in ruminal pH, 
feeding behavior may impact pH just as much. A goal of feeding management is to moderate 
feeding behavior by delivering the correct amount of feed at a consistent time to help prevent 
over-consumption, thus leading to acidosis. 
Acidosis can lead to other problems, such as erosion and sloughing off of the ruminal 
epithelium (Dunlop & Hammond, 1965). If the pH remains low for an extended period of time, it 
results in hyperkeratinized cells, which is identified as parakeratosis. These hyperkeratinized 
cells decrease volatile fatty acid absorption, which can further exacerbate acidosis (Hinders & 
Owen, 1965). 
 A breach in barrier function of the rumen epithelium from acidosis can allow the bacteria 
to infiltrate the portal blood supply causing secondary insults. The two most common issues are 
liver abscesses and laminitis. Liver abscesses are most commonly caused by Fusobacterium 
necrophorum, which is a gram negative, nonmotile, nonsporulating, rod shaped bacterium. The 
main energy substrate for Fusobacterium necrophorum is lactic acid, which is typically high in a 
diet high in grain which would promote their growth (Tan et al., 1994). The main virulence 
factor of F. necrophorum is its’ ability to secrete a leukotoxin and an endotoxic 




there are increased chances of eroding the rumen epithelium creating depressions in the rumen 
wall. These depressions allow Fusobacterium necrophorum to take up residency in the rumen 
epithelium, inducing ruminitis, therefore allowing access to the portal vein system. The bacteria 
then release a bacterial emboli into the portal vein system which flows to the liver, where it is 
filtered from the blood and F. necrophorum takes up residency (Nagaraja & Chengappa, 1998). 
Once the bacteria are in place in the liver abscesses form due to the body trying to encapsulate 
and contain the infection, but in turn damaging the liver. Liver abscesses cost the producer 
performance when they are severe and reduce the drop value from the condemnation of offal 
(Nagaraja & Chengappa, 1998). 
 Another issue with ruminal acidosis is how it relates to laminitis in the hooves of cattle. 
According to Nocek (1997), there are four phases for acidosis to translate to the occurrence of 
laminitis. Initially, there is a decrease in systemic pH caused by absorption of lactic acid into the 
blood. Next there is a release of endotoxins and histamines from the vascular system from 
damage caused by low blood pH, followed by an increase in blood pressure that causes edema 
and expansion in the solar corium of the hoof causing severe pain. Phase three is the initiation of 
localized anemia, resulting in reduced nutrients and oxygen to the epidermal tissue leading to 
degradation of cells in the hoof. In phase three, the epidermal cells of the hoof begin to break 
down due to the decrease in nutrients and oxygen, which ultimately leads to the degradation of 
the solar corium and the rest of the laminar region associated with the dermal-epidermal junction 
in the hoof. In the final phase, the dermal-epidermal junction in the laminar layer in the hoof is 
completely deteriorated and the pedal bone is not correctly positioned, causing tissue necrosis 
and continued pain in the hoof.  This necrosis and pain in the hoof result in decreased 




decreasing gain and feedlot profits. 
Future need for Adaptation Diets 
We know we can adapt cattle to high concentrate diets using forages and recent work has 
shown coproducts can be used effectively to adapt cattle as well. Furthermore, reducing the 
number of days a calf needs to adapt to a grain-based diet could reduce overall input of 
expensive forages and improve performance throughout the finishing period, consequently 
increasing profitability. Additional research will be needed as consumer’s demands increase for 
“natural” production, by demanding a reduction in antibiotic usage, such as ionophores and 
Tylosin, as well as no additional hormones added. Probiotics could be one avenue of research 
that could reduce adaptation length as well as improving digestion by altering the rumen 
microbiome. Maintaining a high level of efficiency without antibiotics and implants could be 
challenging, but a better understanding of nutritional and management practices to get cattle on 
feed quicker and growing faster will be imperative to the profitability of feeding cattle.  
HERITABILITY 
Genetics and Inheritance 
Prior to the acceptance of Mendelian genetics in the early 1900s, “blood” terminology, 
such as the term fullblood or halfblood which are typically used in breed associations, was used 
to describe inheritance and still persists in the lexicon today. Although Mendel’s work was 
published in 1865, it was ignored due to the theory of blending genetics (Crow, 1985). The 
blending genetics theory worked because many of the most important traits to breeders are 
multifactorial, such as size, shape, fertility and performance. Therefore mating the best males 
with the best female could obtain some desirable outcomes. However, it did leave some 





Mendel explained genetics based off three “laws”: the segregation of genes, the 
independent assortment of genes, and the law of dominance. The law of segregation states that 
every individual has two alleles for each trait. The law of independent assortment says that 
alleles for different traits are transferred to offspring separate from each other. Finally, the law of 
dominance states that “dominant” alleles will be expressed even if a “recessive” allele is present 
(Crow, 1985). 
Many traits are quantitative and multifactorial in nature. Therefore, these traits are 
impacted by multiple alleles at many different loci on different chromosomes. Since quantitative 
traits are typically associated with multiple genes and effects of each gene individually are small, 
therefore the gene effects are more additive, both within and between loci. For this reason, 
ignoring epistasis, which is when a gene masks the output of another gene by shutting it off 
genes at another loci, in statistical methods usually gives relatively good predictions 
(Hohenboken, 1985). 
There are two types of heritability, broad sense (H2) and narrow sense heritability (h2). 
Broad sense heritability is defined as the variation in total genetic values, which can be broken 
down into additive, dominance and epistatic genetic effects (Visscher et al., 2008). Narrow sense 
heritability (h2) is what is normally referred to as heritability, which is defined as the variation in 
additive genetic values, which is a portion of the total genetic value (Visscher et al., 2008). 
Therefore, heritability (h2) is the proportion of variance due to genetic factors of a particular trait 
within a particular population and mathematically is just a ratio of variances. It measures the 





 As seen in World Animal Sciences: Heritability and Repeatability (1985), the calculation 
of heritability is as follows: 
First, since it was discussed that heritability is a ratio of variances, there is a need to 
know how this variance is calculated: 





     (1) 
where Vx stands for variance and Xi is the numerical value observed for each individual and 𝑛 is 
the number of individuals within the population. However, this previous formula is how to 
calculate variance for an entire population, which is not possible in animal science. To be able to 
calculate heritability for an entire population there would need to be phenotypic and pedigrees 
available for every animal within a species. Consequently, animal scientists observe sample sets 
of large populations. In order to avoid bias, sample variance is calculated by subtracting one 
from the denominator as shown: 





  (2) 
where ?̅? is the sample mean.  
 Nevertheless, variance only quantifies the variability of one trait or variable in a sample 
population. In order to describe the joint distribution of two traits or variables, a covariance must 
be determined and is calculated as follows: 
𝐶𝑂𝑉 𝑋𝑌 =  





To define heritability one would need to think of the phenotype (PX) as being the sum of 
the inherited potential for a trait (GX), all the effects of the environment (EX) and then any 




𝑃𝑋 = 𝐺𝑋 + 𝐸𝑋 + 𝐺𝐸𝑋   (3) 
However, if samples are drawn independently and randomly from two separate populations, it 
can be assumed there is no interaction between the genetic and environmental portions, resulting 
an equation that looks like: 
𝑃𝑋 = 𝐺𝑋 + 𝐸𝑋   (4) 
Since it is known the components are not associated with each other, then the variances of the 
sum are equal to the component variances, resulting in an equation, such as: 
𝑉𝑃 = 𝑉𝐺 + 𝑉𝐸  (5) 
where VP is the variance of the phenotype, VG is the variance of the sum of the inherited 
potential, and VE is the effects of the environment. Nonetheless, when you divide both sides of 







  (6) 
which states that genetic and environmental variances, each as a proportion of the total variance,  
account for all observed variance (one) in the population sample. This previous equation (6) 
leans to the definition of broad sense heritability being VG / VP, but as mentioned earlier 
heritability is defined in the narrow sense (h2). To define narrow sense heritability the 
components of VG, the variance due to genetics, must first be defined. The components of VG are 
the additive genetic variance (Va), variance from dominance deviations (VD), and variance due to 
epistatic deviations (VI), if shown in an equation: 
𝑉𝐺 = 𝑉𝐴 + 𝑉𝐷 + 𝑉𝐼   (7) 




𝑉𝑃 = 𝑉𝐴 + 𝑉𝐷 + 𝑉𝐼 + 𝑉𝐸   (8) 
but this equation is not typically solvable for actual quantitative traits in populations. However, it 
is possible through statistical means to estimate the magnitude of VA and, from VP minus VA, the 
magnitude of all other components combined (𝑉𝐷 + 𝑉𝐼 + 𝑉𝐸). This partitioning of variance is 
most valuable to animal scientists because it is the ratio of additive genetic variance to total 










            (9) 
Another definition of heritability is comes from formula 4, if the phenotype for trait X 
can be considered the sum of genetic and environmental components: 
𝑃𝑋 = 𝐴𝑋 + 𝐸′𝑋   (10) 
Where PX is the phenotype for a quantitative trait, AX is the breeding value and E’X represents 
the combined environmental influences along with any dominance and epistatic genetic effects. 





    (11) 
Another way to calculate heritability is by regression. Regression is also a technique to predict an 
unknown (dependent) variable and in this case AX, which is not directly measurable, but very 
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   (13) 
However, due to the assumption that breeding values and environmental effects are not 




    (14) 
Nonetheless, environmental effects are considered random and in a large number of individuals 
cancel each other out. Therefore, A̅ = P̅ and making that substitution and dividing both the 











= ℎ2   (15) 
in other words, heritability is equal to the regression of breeding value on the phenotypic value in 
the population. Based on the definition of regression, if an individual within a population is one 
unit of the average for a phenotype, then that individual is expected to be h2 units above the 
average for breeding value. If h2 is large, an individual that is outstanding phenotypically then it 
is likely to by genetically above average, therefore his phenotype is a reliable way of indicating 
its breeding value. The opposite goes if h2 is low, phenotypic merit means very little about 
genetic merit when making breeding decisions. 
 Finally, the last definition of heritability is derived from a previous definition and the 
mathematical characteristics of linear correlation. The squared correlation coefficient, r2, is the 
proportion of original variance in one variable accounted for by its linear association with 
another variable. Heritability is the proportion of phenotypic variance represented by the 




proportion of phenotypic variance accounted for by the linear association between breeding 
value and phenotype, as shown: 
ℎ2 = 𝑟𝐴𝑃
2  
Heritability of Feed Intake 
 Heritability gives us an estimate for how impactful breeding for a certain trait is and if, as 
an industry we have the ability to select for a particular trait and how much of a difference we 
can make in that trait. The estimate of heritability ultimately gives seedstock producers the 
ability to decide for themselves if breeding for a particular trait is worthwhile. Typical 
heritability values in cattle range from 0~0.5. Traits considered to be highly heritable are usually 
considered 0.4 or higher. Moderately heritable traits are in the range of 0.25~0.4, with lowly 
heritable traits in the area of 0~0.25 (MacNeil et al., 1991; Arthur et al., 2001; Schenkel et al., 
2004). 
There have been numerous traits that have been evaluated for their heritability including 
marbling and growth; feed intake is no different. MacNeil et al. (1991) took data from two 
separate studies, one conducted in Montana evaluating 78 sires with 3.3 progeny per sire of four 
breed and another in Alberta, Canada evaluating 46 Angus and Herford sires with 5.8 progeny 
per sire. The data suggested that heritability of feed intake or metabolizable energy intake, as 
they named it, was 0.45 ± 0.17. However, in a study conducted by Fan et al. (1995), evaluating 
271 Hereford and 263 Angus bulls from 1984 to 1986, they found the heritability of dry matter 
intake to be 0.24 ± .11 and the heritability of metabolizable energy intake to be 0.25 ± 0.13. Both 
of the previous studies were conducted over 168 days and could explain why the heritability 
estimates are so different. Studies have shown that heritability estimations of feed intake can be 




proper determination of the estimates (Archer et al. 1997). 
More recent studies have been looking into the heritability of residual feed intake (RFI) 
as a measure of feed efficiency in animals. Residual feed intake was first proposed by Koch et al. 
(1963) and is calculated by the difference in actual feed intake and that predicted on the basis of 
requirements for product and maintenance of BW (Kennedy et al., 1993). In a study done by 
Arthur et al. (2001), looking at a total of 1,180 animals, both male and females, they found that 
the heritability of residual feed intake to be 0.39 ± 0.03. However, other research has indicated 
that it could be as high as 0.64 ± 0.15 (Archer et al., 1997). These results indicate that producers 
could select for RFI and have a considerable impact on beef cattle efficiency. 
Other heritability research has also looked at the heritability of feeding behavior of beef 
cattle. Evaluation of daily feeding duration has a heritability of 0.28 ± 0.12, which is considered 
moderately heritable. Additionally, the amount of time a beef cow spends with its head down in 
the bunk is slightly more heritable at 0.33 ± 0.12. Lastly, the amount of times an animal goes to 
the bunk is even more heritable at 0.38 ± 0.13 (Nkrumah et al., 2007). The results from the 
previous study indicate that selection of feeding behaviors could possibly improve the 
consistency of feed intake, by selecting for cattle that have favorable feeding behaviors. 
CONCLUSION 
 Adaptation diets that transition cattle from forage based diets to high concentrate, 
finishing diets are imperative to the successful production of beef in the US. Proper nutrition that 
encourages cattle to eat helps to reduce the risk for metabolic disorders, such as ruminal acidosis. 
Reducing the risk for metabolic disorders improves growth and performance during the rest of 
the finishing phase. These adaptation strategies normally have increasing concentrates, such as 




population and enhancing its’ ability to process high levels of starch. However, in recent years, 
research has shown that the use of coproducts can increase performance of beef cattle in the 
feedlot during the adaptation period as well as into the finishing phase. Coproducts are typically 
cheaper than forages and require much less processing upon delivery to the feedlot, thus they 
increase profitability by reducing costs and improving performance. 
 Nonetheless, proper nutrition during the adaptation phase is not the only player in 
reducing metabolic disorders. Maintaining consistent intakes is also key to improving 
performance over the entire feeding period. Much research has shown that dry matter intake and 
cattle feeding behaviors are highly heritable, implying that cattle can be selected for these traits 
and can be improved upon effectively. Therefore, beef cattle breeders can also play an integral 
role in the performance and success of cattle in the feedlot. Due to the division of the beef 
industry into multiple sectors, the cow/calf producers and large feedlots, it will ultimately be 
more difficult for the beef industry to adapt the ever growing consumer demands for beef raised 
without antibiotics and/or hormones. In order to meet these demands, there needs to be a better 













Table 1.1: Net energy values of common coproducts of the biofuels industry.1 
Item Net energy value (Mcal/kg) 
Corn Grain, Dry Rolled 1.49 
Corn Gluten Feed, Wet 1.45 
Corn Gluten Feed, Dry 1.30 
Distillers Grain w/ solubles Dry, Corn 1.52 
Distillers Grain w/ solubles Modified, Corn 1.62 
Distillers Grain w/ solubles Wet, Corn 1.74 
Hominy Feed 1.48 
Soybean Hulls 0.82 
Soybean Meal, High CP2 1.28 
1Values were obtained from The National Academies of Science, Engineering, and 
Medicine: Nutrient Requirements of Beef Cattle. 8th ed. (2016). 
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DETERMINING THE ADDED VALUE FROM COPRODUCTS IN FEEDLOT 
ADAPTATION DIETS 
ABSTRACT 
The objective was to determine the effect of replacing forage with coproducts in 
adaptation diets on growth performance and the rumen microbiome after steers are consuming a 
common finishing diet. Simmental × Angus and Angus steers (N = 135; 256.3 ± 27.2 kg) were 
blocked by initial BW and allotted into 9 pens. Steers were fed a common receiving diet for the 
initial 12 days after weaning. Pens were then assigned to 1 of 3 dietary treatments for the 35 d 
adaptation period: a forage-based diet (FO; alfalfa and grass hay) with decreasing inclusion of 
forage and increasing dry-rolled corn inclusion fed with slick bunk management, a coproduct-
based diet (CO; soybean hulls and modified wet distillers grains with solubles) with decreasing 
inclusion of coproducts and increasing dry-rolled corn inclusion fed with slick bunk 
management, and the coproduct-based diet pair-fed (CO-P) to isoenergetic levels of FO. Steers 
were weighed on d 39 and 40 to account for differences in gut fill after limit-feeding FO and CO 
steers. At d 35 and 63, rumen fluid was collected to determine differences in ability to digest the 
finishing diet in vitro. Rumen fluid was also utilized for microbiome analysis using 16S rRNA 
sequencing on the Illumina MiSeq platform with 2 × 300 bp paired-end sequencing. After the 
adaptation period, steers were fed a common finishing diet for the remainder of the trial (155 d). 
During the adaptation period, DMI was greatest (P = 0.02) for steers fed CO. On d 40, there were 
no differences (P ≥ 0.37) in BW or ADG between treatments. A treatment × sampling day 
interaction (P = 0.02) was observed for in vitro dry matter disappearance. On d 35, in vitro dry 




53%), but no differences were present on d 63. At d 63, BW was not affected (P = 0.71) by 
treatment. Within the rumen microbiome, there was a tendency (P = 0.06) for alpha diversity to 
have a treatment × day interaction. Specifically, CO steers had the greatest decrease in alpha 
diversity from d 35 to 63, but there was no change in alpha diversity in FO steers (P ≥ 0.72) and 
CO-P steers (P ≥ 0.11) over time. Treatment did not affect (P ≥ 0.21) richness within the rumen 
microbiome. At the end of the finishing period, there were no differences (P ≥ 0.26) in BW, 
overall ADG, gain:feed, or carcass traits at slaughter. The high inclusion of coproducts in 
adaptation diets did not affect the subsequent growth performance of steers consuming a 
common finishing diet. In vitro and rumen microbiome results suggest all treatments were 
adapted for the finishing diet at the conclusion of the 35 d adaptation period.  
INTRODUCTION 
Feedlots typically feed step-up or adaptation diets to mitigate metabolic disorders, such 
as ruminal acidosis, while adjusting to high inclusions of concentrate feedstuffs. Gradual dietary 
changes allow the rumen microbiota to adapt to the change in substrates (Fernando et al., 2010). 
If the rumen is not adapted to the finishing diet, cattle are at an increased risk for metabolic 
disorders. In feedlots, metabolic disorders decrease performance, mobility, can lead to other 
issues, such as liver abscesses and in some cases death (Owens et al., 1998).  
Adaptation diets typically have decreasing proportions of forage and increasing 
proportions of concentrates. Initial adaptation diets contain about 40% forage, and coproducts are 
often included between 15 and 25% on a dry matter basis (Samuelson et al., 2016). However, 
forages are expensive per unit of energy, variable in nutritive value, and can decrease milling 
efficiency at high inclusions in adaptation diets. Corn gluten feed and cottonseed hulls can 




Replacing forage in an adaptation diet with modified wet distillers grains with solubles and 
soybean hulls increased average daily gain (ADG) during the adaptation period and during the 
initial 35 d of the finishing period (Crawford, 2018).  The higher energy and protein content of 
common coproducts may better prepare the rumen for the finishing diet compared with forages.  
Limit feeding the finishing diet or program feeding adaptation diets as a percentage of 
body weight is another method to adapt cattle in the feedlot. When starting with a finishing 
ration, cattle can be started with a very small percentage (1.0-1.5%) of their body weight and 
stepped up in very small amounts (Choat et al., 2002). Limit feeding can make intakes and 
performance more predictable as ad libitum intake can be highly variable during the adaptation 
period.  
Adjusting the microbiome of the rumen is a primary goal of the adaptation peroid. As 
dietary concentrates increase, amylolytic and lactate-utilizing bacteria numbers will increase and 
fiber-utilizing bacteria will decrease due to a lower rumen pH (Mackie et al., 1978; Fernando et 
al., 2010). The composition of the rumen microbiome may be a useful indicator to determine if 
the microbiota are sufficiently prepared for the substrates in the finishing diet (Anderson et al., 
2016).  
The objective of this study was to determine the effect of replacing forage with 
coproducts in adaptation diets on growth performance and the rumen microbiome after steers are 
consuming a common finishing diet. 
MATERIALS AND METHODS 
All experimental procedures were approved by the Institutional Animal Care and 
Use Committee of the University of Illinois (IACUC #15008) and followed the guidelines 




Research and Teaching (FASS, 2010). 
Experimental Design and Animal Management 
The experiment was performed at the Beef and Sheep Field Laboratory in Urbana, IL at 
the University of Illinois. One hundred and thirty-five spring-born, Simmental × Angus and 
Angus steers (BW = 256.3 ± 27.2 kg) were weaned at 2 locations, shipped to the feedlot, and fed 
a receiving diet for 12 d prior to the start of the experiment (50% grass hay, 40% modified wet 
distillers grains, and 10% ground corn-based supplement on a dry matter basis). Calves did not 
receive any creep supplement before weaning. Steers were weighed on consecutive days at the 
start of the trial, blocked by weight, stratified by sire, and assigned to pen. Pens were randomly 
allotted to 3 treatments (Table 2.1): a forage-based diet (FO; alfalfa and grass hay) with 
decreasing inclusion of forage and increasing dry-rolled corn inclusion fed with slick bunk 
management, a coproduct-based diet (CO; soybean hulls and modified wet distillers grains with 
solubles) with decreasing coproduct inclusion and increasing dry-rolled corn inclusion fed with 
slick bunk management, and the coproduct-based diet (CO-P) pair-fed to isoenergetic levels of 
the forage-based diet. The CO-P treatment is designed to exhibit performance advantages of 
feeding a coproduct-based adaptation strategy after cattle are on a common finishing diet. Slick 
bunk management was defined using the SDSU Feedbunk Scoring System (Bierman & 
Pritchard, 1996). Results from Crawford (2018) indicated the forage-based diet contained 93% of 
the NEg of the coproduct-based diet. Therefore, the steers fed CO-P received 93% of the feed 
call for the FO steers on a DM basis.  
Steers were fed in nine pens (16.3 × 9.76 m with slatted concrete floors covered by 
interlocking rubber matting) of 15 steers with two GrowSafe (GrowSafe Systems Ltd., Airdrie, 




GrowSafe bunks for the remainder of the experiment for determination of individual feed intake. 
GrowSafe intake data was removed for a pen if less than 85% of the consumed feed was 
assigned to steers or if the bunk was empty for more than 12 hr. Averages of 2 d consecutive 
weights were used to determine actual body weight (BW) on day 0, 35 as well as d 40 to account 
for gut fill in the CO-P cattle after cattle had been on a common finishing diet. FO and CO cattle 
were limited from d 35 to d 40 to have weights comparable to CO-P on d 40 weight. A single 
day weight was taken on d 49, followed by another 2 d consecutive weight taken on day 63 to 
measure differences in gain after all treatments were placed on the finishing diet. Single day 
weights were then recorded every 28 days until being shipped for slaughter on d 190, which was 
taken as a 2 d consecutive weight that was averaged for an accurate shipping weight. 
 Steers were implanted on d 0 with TE-IS (80mg trenbolone acetate, 16mg estradiol USP, 
and 29mg tylosin tartrate; Elanco, Greenfield, IN) and on d 91 with TE-S (120mg trenbolone 
acetate, 24mg estradiol USP, and 29mg tylosin tartrate; Elanco Animal Health, Greenfield, IN). 
Prior to weaning, steers were vaccinated with Bovi-shield Gold FP5 VL5 HB (Zoetis, 
Parsippany, NJ), One Shot Ultra 8 (Zoetis), MpB Guard (American Health Inc., Ronkonkoma, 
NY), Ultra Choice 8 (Zoetis), Inforce 3 (Zoetis) and Covexin 8 (Merck, Kenilworth, NJ) at the 
time of castration for steers. At the time of weaning all cattle received Eprinex (Merial, Duluth, 
GA). Starting on d 48 through day d 76, all steers had 0.16kg per head per day of ground corn 
added to their diet as a carrier for Deccox (Zoetis), due to symptoms of coccidiosis. Furthermore, 
steers were also treated with injectable Noromectin (Norbrook Inc., Overland Park, KS), as the 
check for coccidia also revealed high fecal egg counts of parasitic worms. During the 
experiment, four steers were removed for reasons unrelated to the treatments. 




Steers were transported 296 km to a commercial slaughter facility (Tyson Fresh Meats, 
Joslin, IL). Carcass measurements including hot carcass weight (HCW), longissimus muscle 
area (LM), 12th rib fat thickness, marbling score, and percentage of kidney, pelvic and heart fat 
(KPH) were collected using the USDA camera system with Video Image Analysis and provided 
by Tyson Fresh Meats. The equation 2.5 + (0.984 × cm of 12th rib fat thickness) + (0.2 × % 
KPH) + (0.0084 × kg of HCW) − (0.0497 × LM area in cm2) was used to calculate yield grade 
(Taylor, 1994). 
Feed Sampling and Analysis 
Feed samples were collected weekly during the first 35 d and then biweekly for the 
remainder of the trial. Orts were collected at the end of every week for the initial 9 wk to 
determine DMI for the pen. All feed samples were composited within the adaptation period and 
the finishing period. Composited samples were then ground using Wiley mill (1-mm screen, 
Arthur H. Thomas, Philadelphia, PA) and analyzed for acid detergent fiber (ADF; using Ankom 
Technology methods 5; Ankom Technology, Macedon, NY) and neutral detergent fiber (NDF; 
using Ankom Technology methods 6; Ankom Technology, Macedon, NY), crude protein (CP; 
Leco TruMac, LECO Corp., St. Joseph, MI), ether extract (using Ankom Technology method 2; 
Ankom XT Fat Analyzer, Ankom Technology, Macedon, NY), and total ash (600°C for 2 h, 
Thermolyne muffle oven model F30420C; Thermo Scientific, Waltham, MA). 
In Vitro Dry Matter Disappearance 
An in vitro dry matter disappearance assay was performed on a random subset of 30 
steers to assess the ability of the rumen microbiota to digest the finishing diet on d 35 and 63. 
Rumen fluid collection was conducted before feeding on d 34 and 35 and d 62 and 63. Initial 




collected through the esophagus with a vacuum pump and strained through cheese cloth. 
Collections were conducted over two days to preserve sample integrity and anaerobic conditions 
by reducing time between collections and fluid processing before starting the assay. Artificial 
saliva buffer was prepared beforehand according to specifications provided by McDougall 
(1948) as well as the finishing diet as the substrate. Ingredients for the finishing diet were freeze-
dried in a LabConCo Freezone 12 L freeze dryer (LabConCo, Kansas City, MO). Ingredients 
were then ground through a 1-mm screen of a Wiley Mill (Thomas Scientific, Swedesboro, NJ) 
and mixed and 0.7 g of the finishing diet was put into 50mL conical tubes. The in vitro dry 
matter disappearance procedure was performed in triplicate for each animal according to Tilley 
and Terry (1963) with filtration for the determination of residual dry matter. Supernatant and 
residual dry matter were filtered through Whatman 541 filter papers (GE Healthcare Life 
Sciences, Buckinghamshire, UK), and dried in a an oven at 60°C for 24 hr to dry. 
Microbiome DNA extraction and analysis 
To extract DNA from the microbiome sample, a protocol previously described by Yu and 
Morrison (2005) was used with one slight modification, in place of 0.3g of 0.1mm sterile 
zirconia beads, 0.3 g of 1 mm sterile zirconia beads were used. Concentration of extracted DNA 
was checked using a Nanodrop 1000 Spectrophotometer (Thermo Scientific; Waltham, MA). 
The samples were then diluted to 20 ng/µl and then length of DNA was determined using 
electrophoresis through a 0.7% agarose gel. 
The V3 through V4 region of the 16S rRNA gene was amplified with 
F357/R805 primers using the Fluidigm Access Array (Fluidigm Corp, South San 
Francisco, CA) and sequenced on the MiSeq platform (2 × 300 bp; Illumina, San 




Adapters were removed using Trimmomatic 0.36 (Bolger et al., 2014) and reads were 
imported into QIIME2 2018.8 (Caporaso et al., 2010) to be demultiplexed, denoised, 
and truncated using DADA2 (Callahan et al., 2016). Reads were assembled into unique 
sequence variants. A rooted phylogenetic tree was created through de novo multiple 
sequence alignment using MAFFT (Katoh and Standley, 2013) and FastTree-2 (Price et 
al., 2010) in the phylogeny plugin. After rarefaction to the smallest library size (9,700 
sequences), richness, alpha and beta diversity were determined. Alpha diversity metrics 
included Shannon (Shannon and Weaver, 1949) and Faith’s phylogentetic distance 
(Faith, 1992). Richness was measured using Chao1 index (Chao, 1984) and observed 
operational taxonomic units (OTU). Beta diversity was estimated using the Bray-Curtis 
metric (Beals, 1984) and visualized in a principal coordinate analysis using Emperor 
(Vázquez-Baeza et al., 2013). Taxonomies were assigned to sequence variants using the 
Naïve Bayes classifier trained (Bokulich et al., 2018) on the SILVA 132 full length 16S 
rRNAdatabase (Quast et al., 2013). Taxonomic assignment of sequence variants were 
collapsed for further statistical analysis. Overall, 1,048,965 V3-V4 reads contained a 
total of 4,008 unique sequence variants with each sample containing on average 21,853 
reads. 
Statistical Analysis 
Performance and carcass characteristics were analyzed using the MIXED procedure of 
SAS (SAS Inst. Inc., Cary, NC) as a randomized, complete block design. Pen was the 
experimental unit. The terms in the model included fixed effects of treatment, herd, and block 
while pen nested within treatment was a random effect. Appropriate equivalent expected progeny 




to help account for inherent genetic differences.   
 In vitro data were analyzed as a randomized, complete block design with pen as the 
experimental unit. Fixed effects in the model included treatment, sampling time, and block while 
pen nested within treatment was a random effect. 
Bacterial relative abundance data were transformed if necessary using the logit or boxcox 
procedure transformation to ensure normality of residuals prior to analysis in the MIXED 
procedure. Least square means were backtransformed for ease of interpretation. Taxonomic and 
alpha diversity data were analyzed using the previously described model. P-values of P ≤ 0.05 
were considered significant and P ≤ 0.10 were considered a tendency. 
RESULTS 
During the adaptation period, steers fed CO had the greatest DMI (Table 2.2) during wk 2 
(P < 0.01) and 3 (P = 0.04) as well as a trend (P < 0.10) for higher intake during wk 5. Overall, 
the steers fed CO had the greatest (P = 0.02) DMI over the initial 35 d. As expected, steers fed 
CO-P had the least DMI, which averaged 93% of the intake of steers fed FO. In the subsequent 
28 d after the adaptation, prior treatment did not affect DMI while steers were fed a common 
finishing diet in concrete bunks.  
After the adaptation period, there was no difference (P = 0.19; Table 2.3) on d 35 in steer 
BW despite the steers fed CO-P being numerically lighter than those fed CO or FO. Therefore, 
after 5 d on a common finishing diet to account for differences in gut fill, no differences (P = 
0.37) in BW were observed on d 40. Treatment did not affect (P > 0.10; Table 2.4) BW, ADG, or 
G:F in the remainder of the trial. Treatment also did not affect carcass characteristics (Table 5) 
including hot carcass weight (P = 0.9), marbling score (P = 0.88), back fat depth (P = 0.88), 




yield grade (P = 0.26).  
A treatment × sampling day interaction (P = 0.02; Table 2.5) was observed for in vitro 
dry matter disappearance. While cattle fed CO had a decrease in DMD from d 35 to d 63, cattle 
fed CO-P had a greater DMD on d 63. On d 35, in vitro dry matter disappearance was greater (P 
< 0.01) in steers fed CO compared with CO-P (58% vs. 53%), but no differences were observed 
between treatments on d 63. There was a day × treatment interaction (P < 0.01) observed for pH 
data. On day 35, the pH was different between CO and CO-P (P < 0.05; Table 2.6) treatments. 
As expected, on day 63, there was no difference (P = 0.68) in pH. However, there was a day 
effect (P < 0.01) for pH, due to all treatments being lower on day 63 
Shannon and Simpson indices of alpha-diversity had a tendency for a treatment × day 
interaction (P = 0.06; Table 2.6). This interaction was driven by a large decrease in alpha-
diversity in CO steers while cattle fed FO did not change between d 35 and 63. An overall day 
effect (P < 0.02) was caused by the decrease in alpha-diversity in steers fed coproduct diets.  
However, there was no difference in Faith phylogenetic diversity (P ≥ 0.29). Furthermore, there 
was no difference (P ≥ 0.31) in Chao1 or observed OTU as a measure of richness in the 
microbial community.  
At the phyla level, Firmicutes and Bacteroidetes had the greatest relative abundance in all 
treatments and accounted for at least 77% of the 16S rRNA sequences (Table 2.7). Bacteroidetes 
was affected (P < 0.01) by collection day and decreased in relative abundance. Proteobacteria 
had a tendency for a treatment × day interaction (P < 0.06) as all treatments increased from d 35 
to 63, but a 200% increase in CO steers compared to a maximum increase of 50% in relative 
abundance for FO and CO-P steers. A treatment × day interaction (P < 0.01) was observed for 




P steers from d 35 to 63. 
At the family level, a treatment × day interaction (P < 0.01) for Atopobiaceae was caused 
by an increase in relative abundance in the FO and CO-P steers while steers fed CO decreased on 
d 63. Muribaculaceae had a treatment × day interaction (P = 0.03) due to a large decrease in 
relative abundance in CO steers on d 63 but no change in FO or CO-P steers. There was a 
tendency for a treatment × day interaction (P < 0.08) in Lachnospiraceae and was due to an 
increase of relative abundance on d 63 in steers fed FO and CO-P but no difference in steers fed 
CO. A tendency for a treatment × day interaction (P = 0.07) was observed for 
Succinivibrionaceae due to an increase in relative abundance from d 35 to d 63 in CO steers, 
while FO and CO-P were not affected. Effects of collection day (P < 0.05) were observed in, 
Ruminococcaceae, Bacteroidales, and Veillonellaceae due to a decrease in relative abundance 
from d 35 to d 63 across all treatments in all three families.  
DISCUSSION 
Adaptation diets are an important component of starting cattle on feed and adjusting to 
high concentrate diets to avoid metabolic disorders. Although coproducts are considered highly 
palatable and contain greater energy than forages they replaced, steer ADG was not different 
between CO and FO throughout the adaptation period despite the greater DMI for the CO steers. 
An increase in dry matter intake would be expected for a diet high in coproducts due to the 
palatability (Klopfenstein et al., 2008) and the small particle size of modified distillers grains 
with solubles and soybean hull increasing passage rate, thus clearing the rumen faster (Welch, 
1982).  
These results vary from the study conducted by MacDonald and Luebbe (2012), where 




adaptation diets. Additionally, similar work with adaptation diets by Crawford (2018) also 
observed increased ADG from replacing forages with modified wet distillers grains with solubles 
and soybean hulls. Replacing forages in adaptation diets with modified distillers grains with 
solubles and wet corn gluten feed together has also shown to be an effective means of adapting 
cattle to finishing diets, but no increase in performance was exhibited (Dib et al., 2012). 
 Replacing ground corn with soybean hulls at inclusion levels of 20%, 40%, and 60% can 
increase dry matter intake linearly without an increase in ADG, thus decreasing G:F (Ludden et 
al., 1995). This increase in intake is due to the small particle size and low lignin content of 
soybean hulls (NASEM, 2016) that would result in increased digestibility and increased passage 
rate (Welch, 1982). Therefore, the soybean hull inclusions for the first and second steps, 30% 
and 24%, respectively, and the third step being slightly under 20% at 18% inclusion of our 
adaptation period could have caused the increased DMI during those steps, resulting in greater 
intakes compared to the forage based adaptation diet over the entire adaptation period (Ludden et 
al., 1995). Similar research in sheep has also shown replacing corn with soybean hulls at levels 
of 15%, 30%, and 45% of the finishing diets increases DMI linearly as inclusion of soybean hulls 
increased (Ferreira, 2011). 
Results indicate limit feeding cattle, such as the CO-P treatment, can be used as an 
effective method of adapting cattle to finishing diets. There were no significant differences in 
BW or ADG after the adaptation period, after adjusting for gut fill. Additionally, these pair-fed 
cattle performed the same as the cattle who were fed ad-libitum over the entire finishing period. 
These results agree with Loerch (1986), that found cattle with restrictions of 30% on a high-
concentrate diet had no difference in ADG in the growing period or the finishing period. Other 




during the adaptation period. 
During the 28 days following the adaptation period, there were no differences in BW, 
ADG, G:F, or DMI. Limited impact on DMI was expected considering animals were consuming 
a common finishing diet. Crawford (2018) observed increased performance and DMI for steers 
that had been adapted on coproduct diets after the adaptation period. The CO-P treatment was 
designed to determine if an added-value of adapting cattle with high coproducts exists 
immediately after the adaptation period. However, there were no differences during the 
adaptation period; thus, the CO-P cattle were not in the position to determine this added value 
relative to the steers fed FO. No differences in these performance parameters could be due to the 
short length of time between weigh periods although consecutive weigh dates were used. 
Furthermore, observed health concerns from internal parasites may have mitigated dietary effects 
in the present experiment.  
The rumen microbiome was assessed to determine the effect of treatment on alpha 
diversity, species richness, and bacterial community composition on d 35 and 63. There was no 
difference in richness metrics suggesting a similar total number of bacteria were present in each 
treatment. However, alpha diversity did decrease from d 35 to 63 suggesting that evenness was 
decreasing in the community as the predominant taxa represented a greater proportion of the 
community on d 63. These results agree with previous results that indicate a decrease in alpha-
diversity as cattle adapt from a forage diet to a high grain diet (Fernando et al., 2010; Anderson 
et al. 2016). The pH data from the in vitro assay supports this finding, as the microbial 
community was likely more efficient at utilizing starch and produced more lactate resulting in 
the lower pH on d 63. 




day. However, families within this phyla were affected differently by collection day, which 
caused this effect to be masked at the phyla level. Relative abundance of Lachnospiraceae 
increased on d 63 while Ruminococcaceae and Veillonellaceae decreased. Within this phylum, 
Lachnospiraceae are better suited to degrade starch-heavy diets than Ruminococcaceae and 
Veillonellaceae which explains the observed changes (Biddle et al., 2013). 
An overall day effect was observed in the phylum Bacteroidetes due to the decrease of 
the family Bacteroidales, which are typically fibrolytic bacteria. Furthermore, the day effect was 
due to Muribaculaceae, as they increased numerically in FOR steers and decreased considerably 
in CO cattle. There was a tendency for a treatment × day interaction in the Proteobacteria 
phylum due to a significant increase, especially in the Succinivibrionaceae, in CO steers and no 
difference in FO or CO-P. The Succinivibrionaceae family are normally considered starch 
digesting bacteria, such as Succinivibrio dextrinosolvens, and it would be expected that their 
relative abundance would increase by d 63 (Stackebrandt & Hespell, 2006; Bryant et al., 1957).  
Atopobiaceae, which is in the phylum Actinobacteria, are considered fat and protein 
digesters (atopobium paravulum) and increased from d 35 to 63 in FO and CO-P cattle but there 
was a small decrease in CO (Kageyama et al., 1999). Although, it is certainly not the most 
probable cause, due to the small relative abundance of Atopobiaceae, it does relate to the 
decrease in in vitro dry matter disappearance of CO cattle from d 35 to d 63 in this study and 
could help in explaining that decrease. 
The in vitro results describe the functional capacity of the rumen microbiota to degrade 
the finishing diet. Considering only a treatment × day interaction was observed for in vitro dry 
matter disappearance, no overall day effect suggests the microbial community was well adapted 




having increased dry matter disappearance on d 63 than d 35. This suggests that the steers being 
pair-fed may have had a reduced overall microbial population and it limited their ability to 
degrade the finishing diet on d 35 in vitro. A decrease in bacterial populations due to a decreased 
intake would be consistent with results found by Loerch and Fluharty (1999), which discuss 
decreases in intake reducing total populations by 75% to 90% in cases of serious restriction. 
Furthermore, the decrease in ruminal pH across all treatments reveals a change in the microbial 
community and indicates a larger population of lactate producing bacteria. This same 
phenomenon occurred in the adaptation of sheep to a high-concentrate diet, in which the number 
of lactic acid producing bacteria increased and stabilized after consuming a high grain diet for 21 
days (Mackie & Gilchrist, 1979). However, there were no long-term negative effects on 
performance using a limit feeding strategy and should not be considered a downside of this 
strategy of adapting cattle. 
Evaluating the performance of all treatments over the entire finishing period, there were 
no differences in BW, ADG, or G:F. After finding no differences during the adaptation period or 
the 28 days after, it would be expected that there would not be any further differences as cattle 
are adapted and no other effect of treatment should be seen.  Furthermore, there were no 
difference in carcass characteristics in terms of yield and quality grade. These carcass 
characteristic results agree with Crawford (2018).   
These results suggest that modified wet distillers grains with solubles and soyhulls can be 
used in adaptation diets in lieu of most of the forage in an adaptation diet without detrimental 
effects on performance. Although a long term performance benefit of using coproducts in 
adaptation diets has been consistently observed (MacDonald & Luebbe, 2012; Huls et al., 2016; 




performance. The rumen microbiome analysis indicated that both the FO and CO treatments 
were well adapted to the finishing diet by d 35. Nonetheless, when considering utilizing these 
coproducts as a replacement for forages, the cost and availability of these coproducts relative to 
forages should be taken into account. Feeding high coproduct adaptation diets did not affect 
performance during or after the adaptation period despite the in vitro and rumen microbiome 
results suggesting cattle fed coproduct diets were adapted for the finishing diet at the conclusion 




















Table 2.1: Diets composition and proximate analysis 
 Forage Transition Steps1  Coproduct Transition Steps   
Item 1 2 3 4 5  1 2 3 4 5  Finish 
Ingredient inclusion, % dry matter 
  Dry-rolled corn 15 23 31 39 47  15 23 31 39 47  55 
  Chopped grass hay 18 14 11 7 3  - - - - -  - 
  Chopped alfalfa hay 22 18 13 9 5  - - - - -  - 
  Soybean hulls - - - - -  30 24 18 12 6  - 
  MWDGS2 20 20 20 20 20  30 28 26 24 22  20 
  Corn Silage 15 15 15 15 15  15 15 15 15 15  15 
  Supplement3              
    Ground corn 8.37 8.37 8.30 8.24 8.17  8.11 8.11 8.11 8.11 8.11  8.11 
    Limestone 0.84 0.84 0.89 0.95 1.00  1.05 1.05 1.05 1.05 1.05  1.05 
    Urea 0.60 0.60 0.61 0.62 0.63  0.64 0.64 0.64 0.64 0.64  0.64 
    Trace mineral premix4 0.09 0.09 0.09 0.09 0.10  0.10 0.10 0.10 0.10 0.10  0.10 
    Rumensin 90 0.02 0.02 0.02 0.02 0.02  0.02 0.02 0.02 0.02 0.02  0.02 
    Tylosin5 0.01 0.01 0.01 0.01 0.01  0.01 0.01 0.01 0.01 0.01  0.01 
    Fat 0.07 0.07 0.08 0.08 0.08  0.08 0.08 0.08 0.08 0.08  0.08 
Chemical Analysis, % dry matter 
  Dry matter 69.6 69.5 69.4 69.3 69.2  67.0 67.4 67.8 68.3 68.7  69.6 
  Organic matter 94.3 94.8 95.1 95.5 95.8  94.8 95.1 95.4 95.6 95.9  96.5 
  Crude protein 13.8 13.5 13.1 12.8 12.6  14.6 14.1 13.7 13.2 12.7  12.8 
  Neutral detergent fiber 40.7 36.8 33.0 29.1 25.1  42.5 38.2 34.0 29.8 25.6  20.0 
  Acid detergent fiber 25.5 22.5 19.6 16.6 13.6  27.9 24.5 21.0 17.6 14.1  12.7 
  Ether extract 4.7 4.9 5.2 5.5 5.8  6.0 6.0 6.0 6.0 6.0  5.4 
1 Diets were feed as follows, step 1: d0-d6, step 2: d7-d13, step 3: d14-d20, step 4: d21-d27, step 5: d28-d34, finish: d35-d190. 
2Modified wet distillers grains with solubles 
3 Supplement added at 10% of dry matter  
4 8.5% Ca, 5% Mg, 7.6% K, 6.7% Cl, 10% S, 0.5% Cu , 2% Fe , 3% Mn , 3% Zn, 278 ppm Co, 250 ppm I, 150 Se, 2,205 KIU/kg Vit 
A, 662.5 KIU/kg Vit D, 22,047.5 IU/kg Vit E 





Table 2.2: Effects of adaptation treatment on dry matter intake (DMI) during 5 wk adaptation period 
and the subsequent 4 wk.  
 Treatment1   
Item FO CO CO-P SEM P-value 
DMI, kg      
   Week 1 5.6 5.9 5.1 0.36 0.17 
   Week 2 6.6b 7.1a 6.1c 0.06 <0.01 
   Week 3 7.9b 8.3a 7.7c 0.16 0.04 
   Week 4 8.2 8.5 7.7 0.38 0.15 
   Week 5 8.5de 8.9d 7.7e 0.42 0.09 
   Day 0-35 7.4b 7.8a 6.9c 0.09 0.02 
Post-adaptation 
DMI, kg 
     
   Wee  6 
 
8.3 8.5 8.3 0.04 0.14 
  Week 7 7.8 8.1 7.8 0.16 0.51 
   Week 8 8.2 8.5 8.4 0.16 0.47 
   Week 9 9.8 9.8 9.2 0.14 0.18 
   Day 35-63  8.5 8.7 8.4 0.10 0.32 
a-c Within a row, means without a common superscript differ (P ≤ 0.05) 
d-f Within a row, means without a common superscript differ (P ≤ 0.10) 
1FO = Forage-based adaptation diet; CO = Coproduct-based adaptation diet; CO-P = Coproduct-based 

























Table 2.3: Effects of treatment on performance during 5 wk adaptation period and the 
subsequent 4 wk.  
 Treatment1   
Item2 FO CO CO-P SEM P-value 
   Initial BW, kg 256 257 255 1.8 0.72 
   Day 35 BW, kg 319 319 309 3.7 0.19 
   Day 40 BW, kg 323 325 320 3.1 0.43 
   Day 63 BW, kg 378 382 378 3.4 0.63 
      
   Day 0-35 ADG, kg 1.79 1.81 1.53 0.11 0.20 
   Day 0-40 ADG, kg 1.68 1.74 1.60 0.08 0.43 
   Day 0-63 ADG, kg 1.93 1.97 2.00 0.06 0.68 
      
   Day 0-35 G:F 0.250 0.230 0.233 0.007 0.30 
   Day 0-40 G:F 0.223 0.212 0.219 0.002 0.14 
   Day 35-63 G:F  0.250 0.258 0.289 0.015 0.36 
   Day 0-63 G:F  0.250 0.242 0.261 0.004 0.17 
1FO = Forage-based adaptation diet; CO = Coproduct-based adaptation diet; CO-P = 
Coproduct-based adaptation diet, that was pair-fed to isoenergetic levels of the forage-
based diet 



























Table 2.4: Effect of adaptation treatment on overall feedlot performance and carcass 
characteristics.  
 Treatment  
Item FO CO CO-P SEM P-value 
Performance2      
   Initial BW, kg 256 257 255 2.6 0.72 
   Final BW, kg 620 615 619 10.9 0.88 
   ADG, kg/day 1.93 1.90 1.93 0.05 0.88 
   DMI D0-D190, kg/day 9.7 10.0 9.6 0.09 0.19 
   G:F D0-D190 0.154 0.164 0.164 0.006 0.27 
Carcass Characteristics3      
   HCW, kg 
 
377.8 377.1 377.8 5.7 0.90 
  Marbling score 496.2 504.2 498.7 16.1 0.88 
   Backfat depth, mm 18.0 18.7 18.5 0.29 0.88 
   Ribeye area, cm2 86.0 84.6 84.0 2.7 0.74 
   KPH, % 1.9 1.9 1.9 0.05 0.86 
   Yield Grade 3.3 3.5 3.5 0.14 0.26 
1Means within a row with unlike superscripts differ significantly (P < 0.05) 
2BW = body weight; ADG = average daily gain; DMI = dry matter intake G:F = gain to feed 
ratio 
3HCW = Hot carcass weight; Calculated YG = USDA calculated yield grade calculated as 2.5 
+ (0.98425 × 12th rib fat, cm) + (0.2 × KPH, %) + (0.00837 × HCW, kg) – (0.0496 × LM 
area, cm2) (formula derived from USDA, 1997); BF = Back fat thickness over the 12th  rib; 
Lm area = surface area of the longissimus muscle; Marbling = measurement of intramuscular 
fat (100- 199 = Practically devoid; 200-299 = Trace; 300-399 = Slight; 400-499 = Small; 
500-599 = Modest; 600-699 = Moderate; 700-799 = Slightly abundant; 800-899 = 












































Table 2.5: Effect of forage or coproduct based adaptation diets on in vitro dry matter 
disappearance and pH at the end of the adaptation period (d 35) and after consuming a common 
finishing diet (d 63). 
 Treatment1  P-value 
 FO CO CO-P SEM Day Treatment D × T2 
Dry Matter Disappearance, percentage 
   Day 35 55.4abc 57.8a 52.7c 1.36 0.85 0.63 0.02 
   Day 63 55.8abc 54.2bc 56.6ab     
pH 
   Day 35 5.50ab 5.49b 5.67a 0.061 <0.01 0.68 <0.01 
   Day 63 5.02c 4.95c 4.93c     
1FO = Forage-based adaptation diet; CO = Coproduct-based adaptation diet; CO-P = Coproduct-
based adaptation diet, that was pair-fed to isoenergetic levels of the forage-based diet 
2D × T = Day by treatment interaction 






Table 2.6: Effect of coproduct or forage based adaptation diets and adaptation management on 
rumen alpha diversity 
2
 Treatment1,  
   FO     CO     CO-P   
Item d 35 d 63  d 35 d 63  d 35 d 63 P-value3 
Shannon4 5.83ab 5.92a  5.87ab 5.07c  5.62abc 5.20bc ††,§ 
Simpson 0.95a 0.95a  0.94a 0.90b  0.93ab 0.92ab ††,§ 
Faith PD5 42.68 42.49  41.15 41.15  39.62 38.15 NS 
Chao16 256 256  238 226  246 223 NS 
Observed OTU7 249 250  232 218  239 216 NS 
1 FO = Forage-based adaptation diet; CO = Coproduct-based adaptation diet; CO-P = Coproduct-
based adaptation diet, that was pair-fed to isoenergetic levels of the forage-based diet 
2 Means in row with unlike superscripts differ (P < 0.05) 
3 Symbols denoting P-value: †† = day effect P ≤ 0.05; † = day effect 0.05 < P ≤ 0.10; ## = 
treatment effect P ≤ 0.05; # = treatment effect 0.05 < P ≤ 0.10; §§= treatment × day interaction P ≤ 
0.05; § = treatment × day interaction 0.05 < P ≤ 0.10; NS P > 0.10 for all effects 
4 Shannon index as calculated with method described by Shannon and Weaver (1949) 
5 Faith phylogenetic diversity index calculated with method described by Faith (1992) 
6 Chao1 calculated with method described by Chao (1984) 




























Table 2.7: Effect of coproduct or forage based adaptation diets and adaptation management on rumen bacterial 
taxa during d 35 and d 63 
Treatment1 
   FO    CO    CO-P   
Item d 35 d 63 d 35 d 63 d 35 d 63 P-value
2
 
Phyla, % of 16S rRNA reads 
Firmicutes 32.10 33.23 31.28 25.24 29.34 36.09 NS 
Bacteroidetes 46.18a 39.25ab 46.77a 27.16c 45.65a 31.35bc †† 
Proteobacteria 17.86b 23.12b 14.78b 44.53a 17.23b 27.63b ††,§ 
Actinobacteria 1.25b 2.04ab 3.17a 1.83b 2.23ab 3.45a §§ 
Family, % of 16S rRNA reads 
Prevotellaceae 28.46 29.07 30.78 21.72 27.67 23.55 NS 
Lachnospiraceae 7.79a 13.85b 11.84b 12.84b 10.7ab 18.59b ††,§ 
Ruminococcaceae 12.98a 8.94ab 7.93ab 3.70c 6.84b 5.76bc ††,# 
Bacteroidales 13.53a 3.98ab 9.21ab 3.05b 15.18ab 5.47ab †† 
Succinivibrionaceae 16.40b 22.42b 14.39b 42.79a 16.76b 27.11b ††,§ 
Atopobiaceae 0.99c 1.96ab 2.79a 1.77abc 1.54bc 3.31a §§ 
Veillonellaceae 6.36ab 4.71b 8.26a 5.69ab 7.80a 5.83ab †† 
Rikenellaceae 1.27 0.94 1.39 1.62 0.65 0.57 NS 
Muribaculaceae 2.13ab 4.44a 5.05a 0.37c 1.84ab 1.12bc ††,§§ 
    Acidaminococcaceae 3.01 3.23 1.47 2.03 1.88 3.05 NS 
1 FO = Forage-based adaptation diet; CO = Coproduct-based adaptation diet; CO-P = Coproduct-based adaptation 
diet, that was pair-fed to isoenergetic levels of the forage-based diet 
2 Symbols denoting P-value: †† = day effect P ≤ 0.05; † = day effect 0.05 < P ≤ 0.10; ## = treatment effect P ≤ 
0.05; # = treatment effect 0.05 < P ≤ 0.10; §§= treatment × day interaction P ≤ 0.05; § = treatment x day 
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RAPID COMMUNICATION: DETERMINING THE HERITABILITY OF VARIATION 
IN FEED INTAKE AS A MARKER OF ACIDOSIS RISK IN RED ANGUS CATTLE 
ABSTRACT 
 The objective of this study was to determine the heritability of fluctuations in daily intake 
in Red Angus cattle. Fluctuation in daily feed intake may predispose cattle to metabolic disorders 
such as acidosis. Feed intake data from three locations were compiled and pooled together to 
evaluate the genetic variation of average DMI, standard deviation of DMI, coefficient of DMI, 
and percentage of days with fluctuations of DMI greater than 30%. Fluctuation was defined at 
the percent change in intake of consecutive days.  The dataset contained 2,506 feed intake 
phenotypes from 209 sires. On average, there was 12.0 ± 31 progeny per sire with the top ten 
sires representing 1225 progeny. Heritabilities were as follows: average DMI, 0.38, standard 
deviation of DMI, 0.14, coefficient of DMI, 0.11, and percentage of days with fluctuations of 
DMI greater than 30%, 0.18. There data indicate variation in feed intake may be a lowly 
heritable trait.   
INTRODUCTION 
  Ruminal acidosis is a well characterized digestive disorder in beef cattle, particularly in 
the finishing phase, which can have significant impacts on performance and profitability. 
Acidosis is classified as subacute (SARA) or acute, at a pH of 5.6 or 5.0, respectively (Owens et 
al., 1998). Acidosis is caused by an increase in volatile fatty acid (VFA) production in a short 
amount of time. Starches are readily available and fermented in typical feedlot diets and can lead 
to rapid VFA production and therefore acidosis. Nutritionists and feedlot managers desire 




reduced performance, which is believed to cost $15 to $20 per animal in decreased efficiency 
(Schwartzkopf-Genswein et al., 2003).  
Heritability is the measure of the additive variance, or the variance due to genetics, over 
the total phenotypic variance and ranges in values from 0-1 (Hohenboken, 1985). Heritability 
gives cattle producers, particularly seedstock producers, the ability to understand how much 
genetics impact a given trait, thus leading to more or less selection pressure for a given trait. 
Within the cattle industry, heritability has been calculated for a multitude of traits. Interest in 
cattle efficiency has led researchers to evaluate the ability of genetic selection to impact 
efficiency. Therefore, there has been much work done on the heritability of dry matter intake and 
more recently on residual feed intake as a measure of efficiency.  Dry matter intake studies have 
found the heritability between 0.39-0.45 (Arthur et al., 2001; MacNeil et al., 1991). This led to 
the development of residual feed intake being evaluated as a means to increase cattle efficiency. 
RFI was first proposed by Koch et al. (1963) and is calculated by the difference in actual feed 
intake and that predicted on the basis of requirements for product and maintenance of BW 
(Kennedy et al., 1993).  The heritability of residual feed intake has been found to be 0.39 ± 0.03 
or could be as high as 0.64 ± 0.15 (Arthur et al., 2001; Archer et al., 1997). Indicating producers 
could increase selection for RFI and have a considerable impact on beef cattle efficiency. 
Additional work within heritability has been on feeding behavior. A study conducted by 
Nkrumah et al. (2007) found that feeding duration has a heritability of 0.28 ± 0.12, the amount of 
time a beef cow spends with its head down in the bunk is slightly more heritable at 0.33 ± 0.12, 
and the amount of times an animal goes to the bunk is even more heritable at 0.38 ± 0.13. 
Therefore, the objective of this study was to determine the heritability of variation of daily feed 




MATERIALS AND METHODS 
Data Collection 
Dry matter intake data from 2015 to 2017 was compiled from Red Angus bulls and 
heifers (n = 2506) from three locations. Cattle intakes were measured by GrowSafeTM system 
Ltd. (Airdrie, AB, Canada) at each location. Days on feed ranged from 37 to 90 d. GrowSafe 
intake data was removed for a pen if less than 85% of the consumed feed was assigned to steers 
or if the bunk was empty for more than 12 hr. The dataset contained 209 sires with an average of 
12.0 ± 31 progeny per sire with the top ten sires representing 1225 progeny. For each calf, 
average dry matter intake (DMI) was based on all days with acceptable data quality. The 
standard deviation of DMI was calculated by taking the square root of the sum of the differences 
of the average DMI from all acceptable intake dayss squared that was divided by the total 
number of days minus one. Coefficient of variation was calculated by taking the standard 
deviation of DMI divided by the average DMI. Percentage of days with fluctuations of greater 
than 30% were calculated between days by the absolute value of the difference of d 1 minus d 2 
that was divided by d 1 and then  counting the number of days with fluctuations greater than 30% 
and dividing that by the total number of days. 
Heritability Analysis 
 Data analysis was conducted to estimate variance between sires and variance for dams 
within-sire components of variance. This was done using the MIXED procedure of SAS (SAS 
Inst. Inc., Cary, NC) with a model that included fixed effects of calf sex and location with a 
random nested effects of trial within location, sire and pen within trial and dam. Since this study 
dealt with half sibs, it was assumed that the variance component for sire was equal to one-fourth 




variance between sires and the variance for dams within sire components of variance. 
Heritability was estimated by taking the additive genetic components and dividing them by the 
total phenotypic variance. 
RESULTS AND DISCUSSION 
 Greater heritability estimates give producers the ability to increase selection pressure and 
improve a trait more quickly within a given population. Traits considered to be highly heritable 
are usually considered 0.4 or higher. Moderately heritable traits are in the range of 0.25-0.4, with 
lowly heritable traits in the area of 0-0.25 (MacNeil et al., 1991; Arthur et al., 2001; Schenkel et 
al., 2004). In this study, heritability of average DMI (h2 = 0.38; Table 3.1) was used as a standard 
to determine if our dataset was consistent with previous data that suggests the heritability of DMI 
to be between 0.39-0.45 (Arthur et al., 2001; MacNeil et al., 1991). To the best of our 
knowledge, this study is the first that has evaluated the heritability of standard deviation of DMI 
(h2 = 0.14), coefficient of variation of DMI (h2 = 0.11), and fluctuations in DMI (h2 = 0.18). As 
mentioned earlier heritability estimates between 0~0.25 are typically considered lowly heritable 
and therefore, the novel heritability estimates of SD of DMI, coefficient of variation of DMI, and 
fluctuations of DMI observed in this study are considered lowly heritable. These heritability 
estimates are less heritable than average DMI which suggests environmental factors have a 
greater effect on variation of intake compared with DMI itself. However, these traits are rarely 
measured or reported, so the appropriate numbers of days to accurate determine variation in feed 
intake is unknown. Genetic selection for reduced variation of DMI may increase cattle efficiency 
by selecting for cattle that eat more consistently. For example, selecting for cattle that have small 
standard deviations of DMI would encourage more consistent daily intakes, while the selection 




the entire feeding period. However, the results of this study suggest average DMI is more 
genetically link trait and is likely a better selection tool for increasing cattle efficiency.  
Genetic selection could be used to reduce variation of DMI. Percentage of days greater 
than 30% in fluctuation was the most heritable of the fluctuation traits evaluated. The traits could 
also be used in index traits defined by breed associations. Further research with more animals 
should be conducted to determine the genetic correlations between feed intake variation traits 
and other economically relevant traits such as stayability, heifer pregnancy, and carcass traits. 
The evaluation of the variation in feed intake in this study has concluded that the standard 
deviation of DMI and the coefficient of variation of DMI are lowly heritable and but should 


















Table 3.1: Population means, phenotypic standard deviations (SD), coefficients of 
variation (CV), and heritability estimates (h2). 
Trait1 Mean SD h2 
Average DMI, kg/day 23.5 5.96 0.38 
SD of DMI 11.00 27.81 0.14 
CV intake 0.356 0.654 0.11 
Percent of days greater than 30% 
fluctuation 
23.3 12.0 0.18 
1Average DMI = total intake divided by total number of good days, SD (standard 
deviation) of DMI = ((sum of all intakes after subtracting the mean)2/n-1)(1/2), CV 
(coefficient of variation) of DMI = SD of DMI / average DMI, Days greater than 30% = 





















 The Authors of this study would like to acknowledge the Red Angus Association of 
America for their financial support along with their procurement of the raw data.  
LITERATURE CITED 
Archer, J. A., Arthur, P. F., Herd, R. M., Parnell, P. F., & Pitchford, W. S. (1997). Optimum 
Postweaning Test for Measurement of Growth Rate, Feed Intake, and Feed Efficiency in 
British Breed Cattle. J. Anim. Sci., 75(8), 2024–2032. 
https://doi.org/10.2527/1997.7582024x 
Arthur, P. F., Archer, J. A., Johnston, D. J., Herd, R. M., Richardson, E. C., & Parnell, P. F. 
(2001). Genetic and phenotypic variance and covariance components for feed intake, feed 
efficiency, and other post-weaning traits in Angus cattle. J. Anim. Sci., 79, 2805–2811. 
Hohenboken, W.D. (1985). Heritability and Repeatability. Chapman, A.B. World Anim. Sci., A4 
(pp. 77-119). New York, NY: Elsevier Science Publishers B.V.  
Kennedy, B. W., van der Werf, J. H. J., & Meuwissen, T. H. E. (1993). Genetic and Statistical 
Properties of Residual Feed Intake. J. Anim. Sci., 71, 3239–3250. 
https://doi.org//1993.71123239x 
Koch, R. M., Swiger, L. A., Chambers, D., & Gregory, K. E. (1963). Efficiency of Feed Use in 
Beef Cattle. Improvement of Beef Cattle through Breeding Methods, 486–494. 
MacNeil, M. D., Bailey, D. R., Urick, J. J., Gilbert, R. P., & Reynolds, W. L. (1991). 
Heritabilities and genetic correlations for postweaning growth and feed intake of beef bulls 
and steers. J. Anim. Sci., 69(8), 3183–3189. https://doi.org/10.2527/1991.6983183x 
Owens, F. N., Secrist, D. S., Hill, W. J., & Gill, D. R. (1998). Acidosis in Cattle: A Review. J. 




Schwartzkopf-Genswein, K. S., Beauchemin, K. A., Gibb, D. J., Crews, D. H., Streeter, M., 
Mcallister, T. A., & Hickman, D. D. (2003). Effect of bunk management on feeding 
behavior, ruminal acidosis and performance of feedlot cattle: A review. J. Anim. Sci., 81, 
149–158. https://doi.org/10.1063/1.4893495 
